The cerci of crickets, paired abdominal appendages bearing sound-sensitive filiform hairs, can be rentoved and grafted, back so that their morphological axes acquire various relationships to those of the body. We have studied both the morphogenetic consequences A leading question in developmental neurobiology for many years has been: according to what instructions does one orderly array of nerve cells form its projection upon the next array? It is a striking fact of neuroanatomy that projections are orderly, and a striking experimental finding that order is restored after a variety of manipulations that disrupt it (1, 2). The retinotectal projection of lower vertebrates has been the favored experimental material in this field, and the results of many studies have been interpreted in terms of gradients in the retina exerting a guiding influence on the axons of retinal fibers forming contacts on the surface of the tectum, or a matching of gradients in the tectum and the retina (3, 4) .
logical result is obtained: T-hairs always appear to be the source of excitatory input to the giant interneurons, no matter where they are caused to be located by prior surgery. The phenomena of back-rotation, formation of supernumerary cerci, and formation of connections selectively by T-hairs, can be interpreted on the hypothesis of morphogenetic gradients.
A leading question in developmental neurobiology for many years has been: according to what instructions does one orderly array of nerve cells form its projection upon the next array? It is a striking fact of neuroanatomy that projections are orderly, and a striking experimental finding that order is restored after a variety of manipulations that disrupt it (1, 2) . The retinotectal projection of lower vertebrates has been the favored experimental material in this field, and the results of many studies have been interpreted in terms of gradients in the retina exerting a guiding influence on the axons of retinal fibers forming contacts on the surface of the tectum, or a matching of gradients in the tectum and the retina (3, 4) .
A number of recent studies on insect tissues have also found a unifying interpretation in terms of gradients of morphogenetic substances of thus far unidentified nature. For example, square pieces of the integument of several species of hemimetabolous insects have been cut out and grafted back in place after rotation by 900. The response of these systems is rotation of the graft back towards its original orientation (5) (6) (7) . Similarly, leg segments of cockroaches have been grafted with rotated axes, and found to back-rotate (8) . These phenomena can be viewed as a restoration of alignment between the gradients of the body and those of the rotated tissue.
It is possible, by a slight variant of such rotation experiments, to misalign the axes of body and graft in such a way that no back-rotation can restore the alignment. This is done by exchanging paired organs or appendages left-for-right. With simple exchange, the dorso-ventral orientation of the graft is preserved, but the orientation of the medio-lateral axis is reversed relative to that of the body; with exchange and 1800 rotation, medio-lateral alignment is correct but the dorsoventral axes are oppositely directed. When such experiments were done with cockroach leg segments, the morphogenetic response of the system was to form supernumerary appendages in the plane in which the axes of body and graft were oppositely directed (8) .
In all these cases the orientation-determining mechanisms of the graft and the body interact in visible ways at the graft margin. The polarities of the cells within the grafts do not change (5) (6) (7) (8) , though under other conditions they apparently can (6) . Now The appearance of normal and grafted cerci is illustrated in Finally, the cerci bear numerous multiply innervated appressed hairs, and also companiform sensilla (9). We have not examined these in the present study. A sound stimulus in the horizontal plane is most effective in exciting both of the largest interneurons (the lateral and medial giant interneurons, LGI and MGI) when it originates from a source approximately at right angles to the cercal shaft, and least effective when it is approximately in line with the cercus (9) (Fig. 2) . The angular sensitivity curve of the LGI/MGI is bilobed when plotted on polar coordinates. The orientation of this curve is easily determined in both the horizontal and the transverse planes of a single cercus, and is consistent with the hypothesis that T-hairs, but not b-hairs excite the ipsilateral giant interneurons. This hypothesis is further strengthened by the finding that strips of petroleum jelly laid along the L-hairs leave the interneuronal response virtually unaffected, whereas strips that immobilize the Thairs abol ish the response (unpublished observations).
We have utilized the angular sensitivity curves of the LGI/ MGI for the purpose of analyzing the central connections of the two types of filiform hairs in animals with rotated and exchanged cerci. If the orientation of the curves corresponds to the positions assumed by the T-hairs following experimental treatment, this is evidence that the T-hairs connected in a selective manner with the giant interneurons. Alternatively, for example, if the L-hairs are caused to be located in the dorsal and ventral sectors and then synapse with the LGI/MGI, the axis of the angular sensitivity curve in the horizontal plane should be longitudinal rather than transverse. If bhairs and T-hairs connect indiscriminately, the curve should be approximately circular.
We have operated on 303 cerci from animals at different larval instars, performing rotations of O0, 900, and 1800, with and without exchange; these are set out in Table 1 . Cerci rotated by 90°and grafted on the ipsilateral side back-rotate to their original orientation in 1 molt, and rarely form supernumerary outgrowths. Cerci rotated by 1800 may rotate back to some extent, and almost always form 1-3 supernumeraries (Table 1) .
When cerci are exchanged, they rarely show evidence of rotation as judged by the location of the clavate hairs. On the other hand, they invariably form supernumeraries. As in Bohn's experiments on cockroach legs, these form in the plane in which graft and body axes are oppositely directed. With simple exchange, this plane is horizontal. With exchange and 180°rotation, the plane is vertical (Fig. 1B) . With 900 rotation in addition to exchange both of the transverse axes are misaligned, and supernumeraries form at different positions around the circumference of the cercus (Table 1) .
We have recorded the angular sensitivity curves of the LGI/ MGI of 14 of our experimental animals that had reached the adult stage. As in normal animals, the responses have been ipsilateral in all cases; thus, no major crossing of the primary (12) .
The angular sensitivity curves of control animals in the horizontal plane of the cercus are transverse or tilted by 300 (very rarely 450) into the posterolateral quadrant (Fig. 3,  upper left) . We found the same to be true of animals with rotated cerci (middle left), and of all but two animals with exchanged cerci (lower left). We take this as evidence that T-hairs and not L-hairs excited the LGI/MGI of these experimental animals. The two exceptional cases (asterisk) were the only two whose cerci had been both exchanged and rotated 1800. We suppose that the reversed tilt of the curves is related to the dorso-ventral inversion of the cercus, but we do not yet understand the details.
In 11 out of the 14 physiologically analyzed cases we were able to determine the locations of the T-hairs accurately by one In the horizontal plane, the preferred stimulus angle in the majority of control animals is 300 from transverse. This is also true when the cerci have been rotated and replaced in their own sockets, and in the majority of animals with exchanged cerci. The two exceptional cases (asterisk) had cerci which were both exchanged and inverted. In the transverse plane, the preferred stimulus angle is always horizontal in normal animals (distribution of T-hairs indicated in sketch). In adult experimental animals whose T-hairs are in various locations as a result of operations in earlier stages, the preferred stimulus angle follows the final location of the T-hairs as indicated by the sketches. In one exceptional case the T-hair distribution was complex and could not be matched with the physiological results; the T-hair distributions of three animals were not determined.
and observing the plane of movement of the filiform hairs under a dissecting microscope, and by making a cleared preparation of the cuticle and mapping out the orientations of the oval hair sockets under a compound microscope. In all these cases but one, the major axes of the angular sensitivity curves matched the locations of the T-hairs (right-hand column of Fig. 3 ). In one case the distribution of the T-hairs was complex, and could not be easily reconciled with the physiological results. In three cases we did not obtain hair distribution data with sufficient accuracy to permit comparison with the angular sensitivity curves. Again, we interpret this as strong evidence that the T-hairs selectively excited the LGI/MGI. We draw the following conclusions from these results: (a) The mechanisms that determine the side of the terminal ganglion to which ingrowing sensory fibers will project result in the discrimination of ipsilateral from contralateral, not left from right. (b) The axial organization of the cercus remains stable following rotation and/or exchange, even in the smallest cerci we have been able to graft. Back-rotation and formation of supernumerary cerci are indications that the body has been unable to impose its axes on those of the cercus, only interacting with them at the graft boundary. (c) The re-establishment of selective connections between the T-hairs (the minority of filiform hairs) and the largest giant fibers, and the failure of L-hairs (the majority population) to take their place when they are placed in dorsal and ventral sectors, are consistent with two alternative hypotheses: (i) T-hairs and L-hairs arise from two different determinative pathways, and part of their differentiation is the tendency of the T-hairs, but not the L-hairs, to seek out the largest giant fibers; or (ii) T-hairs and L-hairs are fundamentally the same, and differ only in their location relative to the dorso-ventral and medio-lateral gradients of the cercus. In the latter case, the morphogenetic gradients would simultaneously determine the orientation of the socket and the destination of the axon of these hairs. The present experiments do not distinguish between these two alternatives.
Bate and Lawrence (13) have re~ently summarized a number of experiments in terms of a gradient of a diffusible substance produced in the epidermis but available to the tips of the growing axons. Axons carrying different concentrations of this substance are supposed to exhibit different affinities for particular neurones in the target ganglion. We consider this to be an economical interpretation of our own results, particularly in view of the morphological similarity of the T-hairs and L-hairs, and of the directness with which the morphogenetic consequences of exchange and rotation of appendages can be interpreted in terms of gradients (8, 14, 15) .
